Abstract -Osteochondrosis and other developmental orthopaedic diseases (DOD) constitute major problems in the horse industry. High food allowances and fast growth might be contributory factors. The aim of this experiment was to test the effect of high balanced nutrient allowances and associated fast growth, on the prevalence of several DOD. This study was carried out from birth to one year of age. Foals of a high feeding group (HL, n = 20) were fed 130% (0 to 2 months) and 150% (2 to 12 months) of the moderate level group (ML, n = 19, 100% of INRA recommendations). All foals were radiographed at 5.5 and 11 months, and 8 foals from each group were necropsied at 12 months of age for gross inspection of joints. Body weight, height at withers and cannon width were higher at 12 months in the HL group (+88.4 kg, +4.6 cm, and +2.1 mm respectively). The gains in body weight were 1254 and 873 g per day in the HL and ML respectively during the 0-6 month period, and 668 and 528 g per day in the HL and ML respectively during the 7-12 months period. The occurrence and severity of limb DOD were not statistically different in the HL and ML groups. Fast growth was positively correlated to the occurrence of some DOD lesions, but the body weight was more weakly correlated to the prevalence of DOD than cannon width or height at withers. The power of correlation varied for different types or localisations of lesion. In conclusion, high balanced feeding level was not a sufficient factor in our study, but fast development was a factor of risk for DOD. The lower correlations obtained with body weight do not support the theory that biomechanical limb loading due to increased bodyweight alone increases risk for osteochondrosis. High endomembranous or endochondral ossification rate would be more critical in causing DOD. La présence et la gravité des AOAJ des membres n'ont pas été statistiquement différentes dans les deux groupes. Une croissance rapide a été associée à la présence de certaines AOAJ, mais le poids vif a été moins fortement corrélé à la prévalence des AOAJ que la largeur du canon ou la hauteur au garrot. La puissance des corrélations dépendait de la localisation des lésions. En conclusion, des apports nutritionnels élevés et équilibrés n'ont pas suffi à induire des AOAJ, alors que le format et/ou la croissance ont été des facteurs de risque. L'hypothèse du seul effet mécanique lié à la surcharge pondérale pour justifier l'apparition des AOAJ n'est pas vérifiée par cette étude. En revanche, une intense ossification intramembraneuse ou endochondrale induite pourrait constituer un facteur déterminant de l'apparition des AOAJ.
INTRODUCTION
Osteochondrosis (OC) has been extensively reported in humans, birds and many mammalian species including horses, pigs and cattle [25] . It results from a disturbance of the endochondral ossification process in the articular-epiphyseal growth cartilage complex. In horses, this condition is a component of the developmental orthopaedic disease (DOD) entity, with other non articular conditions resulting from dysregulation of the metaphyseal growth plate (e.g. physitis, angular limb deformities) [22] . Due to their high incidence [28] , the DOD are responsible for significant loss in the horse industry.
The aetiology of DOD implicates genetics [27] , biomechanics [42] and nutritional aspects [20] . Glade and Belling [10] reported that overfeeding of weanlings induces osteochondrosis-like growth cartilage morphology changes. More recently, Savage et al. [34] demonstrated that high energy (but not protein) allowances, dramatically increases OC incidence. These lesions could be mediated by overfeeding induced insulin or/and thyroid hormone postprandial secretion pattern changes [11, 30] . Investigations in trace minerals have been spurred by reports that copper and zinc supplementation could decrease the incidence of DOD [19] , and the incidence is increased by severe copper deficiency [2] . But debates continue over the level required to prevent DOD [17] . As in other species, feed allowances level is a key regulator of growth in the horse [3] .
Horses are fast growing animals, since Thoroughbred foals attain 46% of mature body weight and 83% of mature withers height at 6 months [13] . Growth is thus particularly fast during the period when DOD lesions are generated [4] . Fast growth has been associated with a high incidence and/or severity of osteochondrosis lesions in pigs [31] , broilers [29] , bulls [8] and dogs [44] . In the horse, the relationship between growth rate and skeletal development abnormalities has been suggested in the literature by Moore and McIlwraith [23] , but little experimental data have yet been obtained. Field surveys are of interest because they use large numbers of horses [18, 40] . But they do not give an accurate estimation of the effect of fast growth on DOD, because other potential factors (e.g. feeding or exercise) are not controlled and standardised. Experimentally induced growth rate models are thus required and special attention should be paid to the pre-weaning period since many DOD lesions appear during the first months of life [4] . But all the studies have been carried out using weanlings, and are focussed on the effect of imbalance [34, 35] or did not investigate joints [3] .
The aim of this experiment was to compare the incidence and the severity of DOD in foals with fast and moderate growth rates, induced by two levels of balanced nutrient intake from birth to one year of age.
MATERIALS AND METHODS
The experiment was approved by the ethics committee of the National Veterinary School of Lyon, France (agreement number CE-ENVL-03/13).
Allocation of animals to feeding groups
Foals of 43 mares (Anglo-Arab, Thoroughbred and Selle Français breeds) were allocated to a high (HL) or a moderate (ML) feeding level group. The mares of both groups were blocked according to breed, body weight, age and mid-cannon width (Tab. I), before being mated by the same 6 Selle Français breed stallions in each group. Nineteen and 20 mares completed pregnancy in the ML and HL group respectively. Date of birth (Tab. I), body weight, and size of the foals at birth (Tabs. II and III) were not different between the 2 groups.
Management and feeding of the mares and their foals
Except if specified, the nutritional models, nutrient adjustment, requirement and recommendations used were always in The pregnant mares were fed individually outdoor according to their requirements for maintenance and pregnancy, with monthly adjustments according to their body condition score (BCS) [16] to homogenise the nutritional conditions of foetus development: they were fed 110, 120 and 130% of recommendations when BCS>3, 3≥BCS≥2.75 and BCS<2.75 respectively.
Following parturition, the brood mares were fed individually according to requirements for body weight (BW), milk yield, and BCS. Brood mares of the ML group were fed 100, 110, or 120% of recommendations for maintenance when BCS≥3, 2<BCS<3 or BCS≤2 respectively. They were fed 100% of their requirement for milk yield. Individual milk yield was estimated weekly from the 2nd week after foaling, using the average daily gain (ADG) achieved by the foal the previous week [5] . The milk yield for the following week was estimated postulating that milk yield increases by 1 kg per day until it reaches the maximum of milk production, which is known to be achieved at 2 months of lactation [7] . But the maximum milk yield used to calculate the requirements in the ML group should not exceed 2.9 kg per 100 kg BW during the 1st month and 2.5 kg per 100 kg BW during the 2nd month to ensure a restriction compared to the HL group. Brood mares of the HL group were fed 100% (BCS>3) or 120% (BCS≤3) of recommendations for maintenance. They were fed 120% of their requirements for milk yield, using the minimum value of 3.0 kg per 100 kg BW during the first 2 months of lactation, and to ensure significantly higher ADG when compared to the foals of the ML group. The milk yield was estimated as described for the ML group. The mares were always fed a maize based diet supplemented with a concentrate (including minerals and vitamins). During the first two months of lactation, the brood mares of both groups were kept in large grassless paddocks during the day (10h00 to 16h00) and in individual boxes in which they were fed for the rest of the time. Nutrient intake of the suckling foals was calculated during the two first postnatal months considering the milk intake estimated from the ADG of the foals [5] , and the chemical composition of milk (energy and protein). Mineral intake was estimated using NRC models [24] which predict mineral requirements from ADG.
In early spring, all the brood mares were turned out to pasture until weaning at exactly 56 days of lactation. The mares and foals grazed in rotation the same pasture divided into several blocks. But the mares of the HL group were allocated 25% more surface, and the foals of the HL group were supplemented with 1.5 kg DM per foal per day of concentrate using a crib-feeding system to maximise their ADG. This concentrate was especially designed for this experiment to get close to the composition of milk (40% ultrafiltrate of lactoserum, 6.5% soya oil, 12% casein, 30% barley, 10% wheat fine, 1.5% vitamins; 1.27 UFC per kg DM, 203 g MADC per kg DM). Consumption by all the foals was monitored twice a week during one hour after the distribution of concentrate. Since it was not possible to measure or estimate intakes using models in foals consuming a complex diet (milk, grass and concentrate), nutrient intakes from 2 months of age to weaning were interpolated between those calculated before and after this period using models described by Doreau et al. [5] and Martin-Rosset et al. [21] .
The foals were similarly weaned in each group to achieve the closest age at weaning: 169±12 days in the HL group and 171±10 days in the ML group. After weaning, the foals were allocated to one of the 4 open pens (92 m 2 per weanling), which included a building for feeding, shelter from rain, and a resting place on a wood shavings bed. Thus, the foals were given the possibility to achieve a normal and homogenous level of exercise in both groups. The foals were fed individually using an automated feeder (prototype manufactured by Orvalex, 50660 Orval, France) that detected the transducer (SL 9007, Texas Instruments Registration and Identification System, Plano, TX, USA) placed in the neck of each weanling. Dry matter intake was measured daily and nutritive values of the feeds were estimated [21] to calculate individual nutrient intake. The goal for ADG from 6 to 12 months of age was to achieve 750 and 500 g per day in the HL and ML groups respectively, based on previous experiments carried out with the same breeds and diet [1, 15] . The requirements for growth and the amount of feed to be provided were individually calculated every 14 days for all the weanlings using: BW measured every 14 days and predicted median BW of the following period of 14 days (i.e. using for the following 14 days the average daily gain fixed), and nutritional models established previously [21] :
The complete feed used by both groups was formulated especially by INRA to provide in this experiment a moderate amount of starch (31% on average for the HL and ML groups) to prevent excessive fattening. Due to some delay in the adaptation to the automatic feeder (one month), additional concentrate feeds were distributed from 6 to 12 months to the HL group to ensure a high difference of ADG. The diet of weanlings was composed of hay (ML: 49.4%; HL: 44.0%), corn (ML: 32.8%; Table IV .
Dry matter content (DM) was determined weekly (24 h at 80˚C for concentrates and complete feeds and 48 h for maize silage or hay) to adjust the intake on DM basis. In addition, feeds were sampled monthly to determine chemical composition: ash (oven 550˚C), crude fibre (Weende Method), NDF, ADF, ADL [37] , starch (Ewers Method), Ca, Zn, Cu (atomic absorption), inorganic phosphorus (colorimetry). Vitamins A and D contents were drawn from the commercial premix formula included in the concentrate. Energy and protein values of solid feeds were predicted from chemical composition using INRA systems [21] . Milk composition was determined from representative samples of milk collected according to a validated process [5] . Fat was determined by Gerber's method, crude protein, lactose and lactose monohydrate by infrared spectrophotometry on a milko-scan analyser [5] , and gross energy by calorimetry in an adiabatic bomb.
Assessment and treatment of growth data
Body weight and height at withers (HW) of the foals were assessed weekly from birth to two months of age. Between two and six months of age, the foals were weighed with an electronic scale at the same period of the day according to pasture management (48 h after every rotation at each pasture cycle), about once a month. The weanlings were weighed every two weeks and on two successive days at 0, 2, 6 and 12 months of age. Height at withers was measured monthly using a measuring stick. The cannon width (CW) was assessed with an electronic calliper exactly at mid distance between the intercarpal joint and the distal aspect of the metacarpal condyle, at birth, 4, 14, 30 and 52 weeks.
Individual growth curves were established for BW, HW and CW as a function of age. Then individual adjustments of BW and HW to different models were attempted since Gompertz [43] or Richards [32] models were not adapted for short and early periods (12 postnatal months). Finally a third degree polynomial model appeared to be the best fitting model (r 2 >0.93). Then the average growth curves were defined for each group.
Assessment and treatment of osteoarticular data

Radiography
The 39 horses were sedated and radiographed at 5.5 months (170±22 days) and 11 months (333±5 days) of age for detection of osteoarticular lesions. The digits (including the interphalangeal and fetlock joints) of the front and the hind limbs, and hocks and the stifles were examined using a lateromedial view. These joints were chosen because they are known to be frequently affected by DOD [41] . The radiographs were evaluated by three experienced equine veterinarians. Radiographic data were analyzed considering the status (affected or not), and the number of lesions. The incidence was the percentage of affected horses in a group. There is no consensus about classification of OC lesions and DOD [14] . Hence, lesions were pooled using topographical or physiopathological criteria. The following pools were successively considered: (1) all lesions of the limbs, (2) the OC and OC-like lesions [14] : lesions of distal tibia, trochlear ridges of the talus and femur, femoral and metacarpal/tarsal condyles, and plantar eminences of the first phalanx, (3) OC lesions [4] : lesions of distal tibial intermediate ridge, and lateral trochlear ridge of the femur and talus, (4) all lesions of fetlock joints, and (5) all lesions of the proximal tarsus: intermediate ridge of the distal tibia, trochlear ridges of the talus and malleolus.
Necropsy
At 12 months of age, eight yearlings from each group were euthanised for gross examination of joints. Based on the 11 month X-ray examination results, the most severely affected subjects from each group were selected to collect more pathologically affected tissues for another study, the goal of which was to determine histological changes associated to gross lesions. The atlanto-occipital, intervertebral cervical and all limb joints, except for the coxofemoral and coffin joints were opened and inspected. Lesions were counted and scored using classifications based on those of van Weeren and Barneveld [38] . Pathological or normal status of suspect gross abnormalities was stated by histological examination referring to established criteria [12] . Data were treated considering the following categories of lesions: all (limb and cervical) lesions, limb lesions, cervical lesions, OC lesions or proximal tarsus lesions.
Statistical analysis
The SAS version 9.1 software (SAS Inst., Inc., Cary, NC) was used. The HW, BW and CW growth curves were compared in both groups using a mixed model for repeated measures, with age as a covariable. Mean daily HW, BW and CW gains over several sub-periods were compared in the ML vs. HL groups with a ttest.
The incidence of DOD established by X-ray examination was compared in both groups using a logistic regression; the number of lesions at X-ray was compared using a t-test (n = 39); and the number or total score of lesions found at necropsy were compared in the ML vs. HL group using the Kruskal Wallis test (n = 16).
To determine the effects of growth on the osteoarticular status, the growth variables of affected vs. sound horses at Xray examination were compared using a logistic regression. Correlations between growth and the number of lesions at radiography or necropsy data were tested using [15] . In brackets: mineral intakes predicted using equations of NRC [24] .
Pearson and Spearman correlation tests respectively. The significance level used was always P < 0.05.
RESULTS
Feeding level and growth
The foals of the HL group were on average fed 130% (until 2 months of age), and 150% (between 2 months and weaning, and after weaning) of nutrients of the ML group (Tabs. Va and Vb).
Body weight, HW and CW were higher in the HL compared to the ML group from 1 month, 3 months and 3.2 months (14 weeks) of age respectively (P < 0.05). The discrepancy increased with age and the ADG were higher in the HL group except for CW and HW between 7 and 12 months that were not different between groups (Tabs. II, III). Sixty-seven percent of the final difference between both groups for BW was already achieved at six months of age. The final difference of HW was already met at six months of age.
Osteoarticular status
General data
The number of lesions was higher at 5.5 months than at 11 months (paired t-test, 0.022 > P > 0.005), except for fetlock and proximal tarsus lesions (Fig. 1) . Inversely, few new lesions appeared after 5.5 months. Thus, the probability for a foal to be affected by DOD at 11 months was about 9 fold (depending on the category of DOD considered) higher if the foal was already affected at 5.5 months.
No physitis or angular deformity was detected in this study. All the horses presented at least one articular lesion at necropsy. Cervical joints were highly affected (mainly the joint between the third and fourth vertebra), with total scores higher than those for limbs. Limb and cervical scores were, however, highly correlated (Pearson test, P = 0.003, R = 0.69). The more frequently affected joints at necropsy were tibiotarsal joints (60.4% of lesions at necropsy), stifle joints and shoulders (13% each) (Fig. 2). 
Effect of feeding level on DOD
No statistically significant difference was observed at radiographic examination or necropsy between ML and HL groups for any category of limb lesions. Foals from the HL group had, however, significantly more lesions when considering only cervical joints (P = 0.033). When considering all (limb and cervical) joints at necropsy, only a tendency for a higher number and score of lesions was observed (P = 0.057 and 0.092 respectively) (Fig. 2). 
Effect of size or growth on DOD
This effect was investigated pooling the 39 horses, irrespectively of the group they were in. Many correlations between size or growth variables and DOD were significant. The results were, however, slightly dependent on the technique used to detect DOD.
At X-ray examination, the highest correlations between growth and DOD were achieved when considering the incidence (Tab. VI) or number (Tab. VII) of fetlock lesions. Fetlock lesions were highly correlated to the ADG of CW over all tested periods. The statuses with respect to all limb joints, OC/OC like and proximal tarsus lesions at 5.5 months were correlated to CW or ADGCW. Occurrence of proximal tarsus lesions at 5.5 months was correlated to BW at 2 months at a much smaller odd ratio (Tab. VI). The number of total limb lesions (all limb joints) at 11 months was correlated to BW and HW assessed after weaning (Tab. VII).
At necropsy, the cervical DOD were poorly correlated to size or growth. But all the categories of limb lesions considered at necropsy (all limb, OC, or proximal tarsus lesions) were correlated to size or growth (Tabs. VIII and IX). The ADG were rarely correlated to DOD; the instantaneous HW and BW were much more frequently correlated. The HW was by far the size variable most frequently and tightly correlated to DOD, whereas CW and BW were more scarcely correlated to DOD at necropsy. For every type of DOD, HW (and sometimes BW) measured at birth and/or 2 months presented the highest statistical significance.
DISCUSSION
This experimental study aimed at testing the effect of two feeding induced growth pattern models on the occurrence of DOD. The achievement of two growth models from birth to one year of age was thus a primary step, in order to study the effect of nutrition and associated growth on juvenile osteoarticular diseases. Compared to previous data obtained with the same breeds managed similarly [1, 36] , the ADG achieved by the foals of the HL group was maximal before weaning (1243 g per day in this experiment vs. 1046 g per day in previous experiments) and sub-maximal after weaning (618 vs. 703 g per day in the present and past experiments respectively). The ADG achieved between 6 and 12 months was sub-maximal since maximal ADG was promoted especially before weaning when the DOD lesions are generated [4] and energy concentration of the diet (i.e. starch) was limited to prevent fattening after weaning.
The incidence of DOD considering all radiographic lesions at 5.5 months in this study (66.7%) was very close to the incidence observed in a field study (67.4%) using the same protocol implemented on 393 foals of the same breeds [33] . The present results were consistent with the study carried out at the Utrecht University with respect to the decrease of OC lesions after weaning as detected radiographically [4] . The general incidence of OC was higher in the previous study (18% vs. 10.2% of horses with tibial intermediate ridge OC on 11 month X-ray examination), because foals were purposefully sired by OC positive stallions in that study. Aiming at a high incidence was justified in the Dutch study because a potentially protective effect was tested (exercise). However, when testing a potentially inductive factor, a genetic predisposition could confound any nutritional or growth effect and was thus not indicated in the present study.
Data about cervical joint abnormalities are scarce, since their exploration is only possible by necropsy yet. Our results confirm the high incidence and severity of lesions in these joints as reported by others previously [38] . Cervical lesions possibly follow other pathways than limb joints, since they were positively correlated to feeding level, but not associated to fast growth or large size. The clinical significance of these lesions is yet uncertain.
No statistically significant feeding level effect could be established on limb DOD. Savage et al. [34] , who fed weanlings a high energy diet (129 % of control using NRC systems [24] ), found a very high incidence of DOD at necropsy (11/12) when compared to the control (1/12) or at a high protein diet (1/6). Ott et al. [26] did not detect any effect of energy sources in weanlings fed a high energy level. These observations detect that feed imbalance and high energy intake are stronger DOD inducing factors than a high but balanced feeding level using a moderate energy concentration (e.g. starch). The fast CW gain (ADG) or large size promoted by the high nutrient allowances were correlated to a higher risk of limb DOD at X-ray or necropsy respectively. The results were always highly joint dependent. The low correlation of DOD to BW or BW gain in this experiment was consistent with previous results in the horse [9, 18, 39] . Cannon width and HW have been scarcely tested for correlation to DOD in the literature. However, a previous study did not conclude that there was a correlation of HW to OC lesions [39] . The biological significance of the correlation between DOD and CW or HW remains unclear. Positive correlations to CW gain would suggest that a faster intramembranous ossification rate (responsible for widening of long bones) would be a predisposing factor to DOD. Positive correlation of DOD to HW could indicate that the higher growth cartilage turnover requested to achieve high HW, could be detrimental to the endochondral ossification process (responsible for long bone lengthening) and could induce dyschondroplasia.
The correlations between size or growth parameters and DOD were not consistent when comparing data from necropsy and X-ray examination. The ADG of CW was highly correlated to radiographic fetlock lesions whereas the HW at early time points was the best predictor of limb DOD severity at necropsy. But when considering only the 16 euthanised horses, the number of radiographic lesions and corresponding correlations to growth were very similar to necropsy data (data not shown). The heterogeneity of our results may be explained by the non randomised choice of horses for necropsy (8 more affected horses of both groups) and/or the different size of populations. Hence, the results using necropsy data refer to a population of affected horses, rather than to a general population.
In this study, all growth parameters were significantly correlated to feeding level. Some growth parameters, but not feeding level, were correlated to the occurrence of DOD. If growth and format were only regulated by feeding level, this outcome would be impossible. The present results highlight that the genetic influences on the regulation of growth contribute to the significant correlation of growth and size to DOD. Growth or size parameters reflect both nutritional and genetic factors. The outcome of the study suggests that there is an association between genetic predispositions for a large size and the occurrence of DOD.
CONCLUSION
It can be concluded from this study that a high but balanced plane of nutrition (using a moderate energy concentration, thus limited carbohydrate) per se during the first and complete postnatal year does not significantly increase the occurrence and severity of limb DOD. And high BW and HW met at 12 months of age accounting for 65 and 92% of adult value respectively, might be acceptable with limited risk of DOD whereas feeding level is high but balanced.
The CW gain and HW were correlated in a joint dependant manner to the occurrence of DOD. This suggests that a fast endochondral or intramembranous ossification process would be more critical than the mechanical effect of increased limb loading through weight increase in the causing of juvenile joint diseases. Furthermore, the present results suggest that large size would be a predisposing factor, whatever its origin (nutrition or genetic).
The determination of growth thresholds (especially for HW and CW, and for BW to some extent) to individually optimise the level of nutrient intake of balanced diets fed to young horses might be an option to reduce the risk of DOD.
